Introduction
Podocyte cell-matrix interactions are well known to play key roles in glomerular homeostasis (for review see (37) ) In animal models having mutations in genes encoding proteins that are either directly or peripherally associated with cellular subsystems involved in podocyte-matrix interaction have often led to aggressive, catastrophic failure of podocyte function.
Although the importance of heparan sulfate (HS) in glomerular biology has been investigated by numerous research groups over the past 30+ years, the role of HS in mediating podocyte-matrix interactions still remains relatively underexplored (for review see (31) ).
At the cell surface, the HS carbohydrate structures (known as glycosaminoglycans or GAGs) are normally found covalently attached to one or more species of cell surface proteoglycans (PG), in particular members of the syndecan (Sdc 1-4) and glypican (glypican 1-6) families of cell surface proteoglycans. Albeit each family of PG core proteins has specific, yet diverse bioactivities inherent in part to amino acid motifs within the core protein, the members of each family are capable of presenting/extending one or more HS chains from the cell membrane out into the pericellular milleau. In the case of HS, the "reach" of the GAG structure extending from the proteoglycan (PG) core protein can exceed 80nm (48) , thus the combined distance (core protein + GAG) has the potential of superseding the extended length of integrin receptors (50nm).
The role that cell surface heparan sulfate proteoglycans (HSPG) and their respective GAGs play in mediating in podocyte-matrix interactions in vivo and in vitro was highlighted in the results of two earlier studies from our laboratory (8, 9) .
In those reports, we showed that podocytes, incapable of assembling HS on all secreted proteoglycans (both basement membrane and cell surface) developed foot process effacement early in life. In vitro studies using immortalized HS+ and HS-podocytes in adhesion and migration assays showed that the HS-podocytes were less efficient in adhering to fibronectin than their wild-type counterparts.
Syndecan-4 (Sdc-4) immunostaining, demonstrated that the localization of Sdc-4 to focal adhesions was compromised in the HS-podocytes in vitro (8) .
Immunostaining of tissue sections from HS+ and HS-mice using antibodies directed against syndecan-4 showed a disruption of the podocyte-associated pattern of Sdc4 and synaptopodin immunostaining in the HS-mutant animals compared to HS+ animals (8, 31) .
To refine the specificity of the former approach, we developed a mouse model having a podocyte-specific deletion of NDST1 (Ndst1 -/-mouse), a key enzyme involved in GAG Nsulfation (42). During HS assembly, NDST1 (1.) catalyzes the removal of the acetyl group from N-acetyl glucosamine and (2.) subsequently adds a sulfate group in its place (28) . In addition, N-sulfation is a prerequisite for subsequent modifications to HS (e.g. 2-0, 3-0, 6-0 sulfation and C5 epimerization) (17) . podocytes do not efficiently adhere and migrate on extracellular matrices when compared to wild-type cells, the deficiency mediated in part by the inefficient clustering of Sdc4 in focal adhesions and a net change in the cell surface activation of at least one member of the integrin family, α5β1 integrin. In turn, changes in some of these interactions are manifested in vivo by disruption of Sdc4/ α-actinin-4 organization in glomerular podocytes.
Methods

Animals and Animal Care
Immortomice™were purchased from Charles River Laboratories (H2Kb-tsA58 mouse, was used as a source for primary podocyte cultures, in a similar fashion to what has been previously reported by our laboratory (8) . Briefly, glomeruli from these mice were isolated using magnetic separation and primary podocytes were isolated from glomerular explant cultures using limiting dilution methods (43 podocyte cultures were also immunostained to explore the sulfation/glycosylation status of the matrix secreted/assembled by those cells. In order to investigate focal adhesion organization and stress fiber formation, fully differentiated podocytes were treated with cyclohexamide to inhibit de novo matrix synthesis, seeded on fibronectin-coated (100μg/ml) slides, and allowed to adhere for 1, 2, and 4 hours.
Subsequently, the cells were fixed with 3.5% formaldehyde in PBS and permeabilized using 0.1% Tween-20. Cells were then double-label immunostained with anti-syndecan-4 and anti-α-actinin 4, or anti-vinculin, anti-PKCα, or anti-pFAK. In initial tissue microscopy studies and for cell culture studies, images were digitized using a Hamamatsu Orca digital camera interfaced to an Olympus IX-70 microscope equipped for epifluorescent illumination. The camera signal was ported to an Apple Macintosh computer hosting the imaging software I Vision™-MAC (Biovision, Exton, PA). In subsequent microscopy studies tissue sections were imaged using a Zeiss LSM 510 Laser Scanning Confocal microscope, the aperture on the microscope set to give a 0.9µm focal plane section.
α5 Integrin Activation Assay
The GST-FNIII 9-11 peptide-based integrin activity assay was done as previously described (35) . Briefly, cells were seeded at 80% confluence on a fibronectin-coated (lμg/ml) 6 well plate in serum-free medium for 4 hours. After cells were adhered to the substratum, the medium was removed and PBS containing 1mM MgCl 2 and the α5β1 integrin peptide, GST-FN111 . (20μg/ml) was added to the wells. The peptide was incubated with the cells for 30 mins at 37°C.
Following incubation, the unbound peptide was removed with two rinses of 1x PBS containing MgCl 2 . The cultures were subsequently lysed and the amount of cell surface-associated GST-FN111 9-11 peptide measured by western blot immunoassay. The interwell variability between assays was normalized using GAPDH as a loading control.
Adhesion and Migration Assays
Podocyte cell adhesion, spreading, and migration assays were done as previously described (8) . Podocytes in culture express α5β1 integrin, an integrin that has been shown to undergo affinity modulation. The rationale for using fibronectin in our studies was that it has both RDG motifs and heparan binding domains, thus is capable of engaging both integrin and Sdcs in a consistent fashion. Although not considered to be an integral matrix component of the GBM, fibronectin has been immunolocalized to the lamina rarae of the GBM, thus available to the basal surface of the podocyte (14, 15) .
Ndst1+ and Ndst1-podocytes were pre-incubated with cycloheximide (250 µg/ml), to inhibit endogenous matrix protein synthesis, in serum-free medium (RPMI 1640 medium with 5 mmol/l glucose) for 2hrs prior to adhesion and spreading assays. For cell adhesion assays Cell
Tracker™ green (CMFDA, Invitrogen), was added to the cells at a concentration of 2.5μM and allowed to incorporate into the cells for 30mins. The cells were then rinsed with SFM and allowed to recover for 30mins. Cells were then trypsinized and plated on a fibronectin-coated (100μg/ml) 24 well plate and allowed to adhere for 2 and 4 hours. At each time point, the nonadherent cells were removed and the wells rinsed twice with PBS. The adherent cells were lysed with 100mM NaOH. The non-adherent cells and the adherent cell lysates were transferred to a 96 well plate and analyzed for fluorescence on a plate reader.
For the measurement of differences in spread cell area, the cells were pretreated with cycloheximide as described above, and subsequently trypsinized, and plated on a fibronectincoated (100μg/ml) 24 well plate and allowed to interact with the substratum for 2 hours. The A scratch assay was used to measure cell migration as previously described (8) . Briefly, cells were grown to confluence on a fibronectin-coated (100μg/ml) 24 well plate and allowed to fully differentiate at the restrictive temperature (37°C). The resulting monolayer of cells was subsequently wounded in a cruciform pattern. Registration marks were etched into the bottom of the wells to allow for imaging the same field of view at each time point. For measurement purposes, photomicrographs were taken (40x final magnification) of the entire cruciform area at each time period and assembled into a larger montage. The total open area of the residual scratch was measured at 0, 24, and 48 hours to quantify the migration of the leading cell boundary into the inflicted wound.
Radiolabeling and Column Chromatography
Cells were seeded at a subconfluent density in serum-containing complete medium for 24
hours. Subsequently, the medium was decanted and cells were then labeled with 50μci/ml 35 S and 25μci/ml 3 H glucosamine in serum free media, and the incubation continued for 48 hours at 37°C. Afterwards the media was decanted and cleared by centrifugation. The supernatants were loaded onto a 1cm DEAE Trisacryl M ion exchange column equilibrated in 4M urea, 1mM
dithioethrietol, 10mM EDTA, 0.2M NaCl, 0.1% Triton X-100 and 50mM Tris, pH 8.0. The column was then rinsed sequentially with 10 column volumes of the former buffer, followed by 10 column volumes of 4M urea, 1mM dithioethrietol, 10mM EDTA, 0.2M NaCl, 0.1% Triton X-100 and 50mM sodium Acetate, pH 4.0. The proteoglycans were eluted from the column in a buffer containing 4M urea, 1mM dithioethrietol, 10mM EDTA, 1.5M NaCl, 0.1% Tween-20 and 50mM sodium acetate, pH 4.0. One milliliter fractions were collected and analyzed for radioactivity using liquid scintillation counting. The peak fractions were pooled, dialyzed against water, and lyophilized. The resulting samples were treated with alkaline borohydride (0.3 M NaBH 4 ) (36) followed by nitrous acid degradation using 0.5M nitrous acid, pH 1.5 (41) and then neutralized to pH 8.5 with Na 2 CO 3 . The nitrous acid treated samples were loaded onto a G25 superfine column (0.06cm x 40cm) and run at a flow rate of 0.09ml/min and collected at 30 sec intervals. These fractions were analyzed for radioactivity using liquid scintillation counting and the elution profile plotted as radioactivity vs eluted volume.
Flow cytometry
Flow cytometry of podocytes immunostained for α5 integrin (see antibodies above) was done as previously described (8) . 
Results
Podocyte
Ndst1
-/-podocytes show a decreased ability to adhere, spread and migrate on extracellular matrix
In order to understand how the loss of N-sulfation might alter podocyte cell-matrix interactions, cell adhesion and migration assays were performed as previously described (8).
The assays used plasma fibronectin as a substratum to engage both integrins and cell surface HS. The rationale for using fibronectin as a substratum was several fold: podocytes whereas the total levels of FAK were unchanged ( Figure 7) .
Lack of N-sulfation on HS affects the activation status and cell surface levels of integrin
It is well-known that syndecans work in tandem with integrins to mediate cell-matrix adhesion processes (13, 50, 51) . Furthermore, recent studies have shown that the ectodomains of several syndecan core proteins are capable of affecting integrin affinity-modulation (i.e.
inside-out signaling leading to integrin activation) (1, 7, 38) . With the latter concept in mind, the activation status of α5β1 integrin was examined via the use of a GST-FNIII 9-11 probe that specifically binds only the active configuration of α5β1 integrin (35) . The binding of the GST- 
Discussion
The above data show that the loss of N-sulfation affects several key aspects of podocyte cell-matrix interactions, such as attachment, spreading, focal adhesion formation, and migration.
The majority of the results of the present study are similar to those previously reported for the HS null podocytes (8) . However, the data serve to highlight the fact, albeit HS chains are present on proteoglycans secreted in the Ndst1 19) . It is known that lateral aggregation and oligomerization of Sdc-4 plays a key role in mediating signaling through Sdc-4(34) via several key pathways. Moreover, changes in oligomerization of Sdc-4 leads to a decrease in the β1 integrin-dependent recruitment of α-actinin to focal adhesion complexes (10) . The VAR domain in the cytoplasmic tail of Sdc4 is known to engage α actinin; the lack of Sdc4 to oligomerize efficiently leads to a decrease in α-actinin in focal adhesions (10) . Our in vivo data ( Figure 1B . cf 1E.) and the in vitro data ( Figure   6F . cf 6H.) reflect these same findings. An additional consequence of a decreased ability of Sdc4 to multimerization is that PKCα is not activated as efficiently (34) From a historical perspective, the decreased sulfation of HS has been shown to be a consequence of diabetes mellitus in the kidney (5, 11, 12) . The majority of these former studies used 35 S sulfate radiolabeling as a means to detect the presence of undersulfated GAG. Given the fact that N-sulfation of HS is a key step in the sulfation of HS, it would be logical to assume that the undersulfation of HS could be the result of the diabetic milleau affecting the intracellular levels/activity of NDST1. Although studies in rodent models did demonstrate a significant decrease in NDST1 activity in diabetic animals (24, 25), other studies exploring the expression(55) or activity (26) of NDST1 using human skin fibroblasts isolated from control and diabetic patients led to equivocal results. The former study showed no difference in the level of expression of NDST1 mRNA but a decrease in the levels of NDST2 mRNA in diabetic individuals compared to control (55) . The same study reported that levels of mesangial cell expression of NDST1 or NDST2 were not affected by hyperglycemia. The latter study showed no difference in the level of NDST1 activity between control and diabetic fibroblasts isolated from normal and diabetic patients(26). Exploring the Nephromine™ database (30) and polling the Ju Podocyte dataset (21) (healthy living donor vs diabetic nephropathy) we found that the most significant decrease in glomerular mRNA expression occurred with NDST1 mRNA (2.228 fold decrease, p=0.00018) >NDST3 (1.94 fold decrease, p=0.006) >NDST4 (1.65 fold decrease, p=0.013), NDST2 (1.14, unchanged, p=0.987). Thus, the discrepancies in the literature over the levels of expression of NDST1 may be more indicative of a cell/tissue-specific changes in the level of NDST1 mRNA expression/activity in diabetes mellitus.
We believe that the changes in podocyte organization and cell-matrix interactions seen in H-glucosamine, the radiolabeled secreted proteoglycans subsequently isolated from conditioned medium using DEAE ion exchange chromatography. The radiolabeled proteoglycans were treated with alkaline borohydride (36) which releases intact GAG chains from the proteoglycan core protein.
Radiolabeled HS was subsequently treated with nitrous acid(41), the reaction of which cleaves HS chains specificially at N-sulfated GlcN residues, the resultant reaction products analyzed by gel fitration chromatography. The graph in Figure 3 shows the Panel A in Figure 8 shows a western immunoblot for GST-tagged E.
Figure 8
